Abstract -When bound in transition metal complexes, organic molecules such as olefins, acetylenes, polyenes, cyclopolyenes and carbenes exhibit a variety of equilibrium geometries. The range of observed barriers to a conformational change a s simple a s rotation areund the metal-ligand coordination axis is impres sively large, from 0 to > 40 kcal/mole. Clearly it is electronic factors that are operative in setting the preferred geometries in these molecules and in Controlling the magnitude of the conformational barriers. In this lecture several specific examples of the theory of these conformational phenomena will be presented.
Uncomplexed organic molecules display a wide range of barriers to internal rotation, from near zero six-fold barriers in toluene, through a typical torsional barrier of 3 kcal/mole for ethane, to barriers in the range of 10-20 kcal/mole for torsion about the C-N bond in amides, to large values of the order of 65 kcal/mole for twisting ethylene to a D2d geoi;lletry. The very lowest barriers are symmetry conditioned --it would be a peculiar molecular poten~ial that would oscillate so violently a s to make a six-or higher-fold barrier attain a large magnitude. The barriers of the ethane type we may very loosely call steric, being painfully aware through our own work of the fundamental lack of distinction between steric and electronic effects. While steric effects can be reinforced and cumulated to create substantial barriers (Ref. 1) , the very largest barriers, such as those for twisting an ethylene or squashing a metharre to planarity, are clearly electronic. In these there is a great loss of bonding in one conformation over another.
When an organic molecule is bound as a ligand in a transition metal complex while retaining its general atomic connectivity, a new internal rotation problern arises, that of rotation areund the metal-ligand axis. The range of observed barriers is impressively large, from near zero in benzene-Cr(C0) 3 , 1 (Ref. 2) What makes for the variability of these barriers? We think it is fair to say that in the organemetallic realm we often lack the intuitive feeling that characterizes the organic side for those electronic determinants of molecular geometry which would allow us to predict equilibrium conformations and approximate barrier sizes. Over the past few years our research group has been engaged in a broad theoretical attack on inorganic and organemetallic problems. In the process we have gained some understanding of the electronic factors governing rotational barriers in organemetallic compounds, which is the subject of this lecture. 
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The fragment or reconstructional procedure would approach the same problern by building up the orbitals of the two alternative conformations, 4 and 5, from those of Fe(C0) 4 and ethylene pieces. There is no problern in getting the orbllals ofthe organic moiety. Crucial to this approach is a thorough understanding of the molecular orbitals of a variety of transition metal fragments, MLn. To achieving this end we have devoted considerable effort (Ref. 7) . The complete description is a molecular orbital one, sensitive to changes in fragment geometry. However, an adequate simplified picture may be obtained as follows for important MLn species in geometries close to those which are octahedral fragments.
I
There are 9-n valence orbitals in MLn, of which 3, descended from the octahedral tzg set, are at lower energy. Higher lying are 6-n orbitals, which can be viewed as the proper symmetry-adapted linear combinations formed from 6-n localized hybrids pointing toward the missing ligands that would complete the octahedron. These upper orbita ls often will be significantly split in energy among each other, but the general pattemisthat given in 8-10.
-Jf :13 st<
The Fe(C0) 4 The equatorial orientation 4 is favored both by the smaller energy gap between the b 2 orbitals and their grea ter over la p ' com pared to bl in 5 .
Wehave seen that both qualitative approaches lead to the same geometrical prediction. Getting a reliable nurober for the barrier is another story. Theoreticians are especially prone to overselling their pet methodology. The procedure that we have used in our work, the extended HÜckel method, has the merit of being on the low end of a quality scale of approximate MO calculations. Since all other methods are superior to it, it inculcates in its user a feeling of humility and forces him or her to think about why the calculations come out the way that they do. The method is widely applicable and transparent, but it has limited quantitative reliability. The analysis begins with the orbitals of Fe(C0) 3 , which we must examine in considerably greater detail than that implied in the previously given schematic 10. Gontour diagrams of the six valence Orbitals are shown in Fig. 1 (see next page). 1al and 1e are the lower set of three, 2a 1 and 2e the upper.
There is significant tilting or left-right asymmetry in these orbitals. This is a consequence of the descent of the fragment from an octahedron, and proves to be crucial in setting the conformational preferences and barriers in complexes of this fragment. To see how this occurs consider the reconstruction of the electronic structure of 14 from its components, in the observed staggered geometry (Fig. 2, see next page ). - Figure 2 shows that the primary bonding interaction in the complex is that between the 2e set on the Fe(C0) 3 fragment and e 0 on TMM. However, upon rotation about the iron-TMM axis by 60° into an eclipsed geometry the interaction of these orbitals is decreased because the overlap between them decreases. This is shown below for one member of the degenerate set.
vs Therefore the energy of the HOMO in the molecule increases in the eclipsed form, and this is the main but, a s we discus s next, not the only factor behind the barrier. In the staggered geometry the overlap between the 1e set and e" is almost zero since that portion of 1e pointing up towards TMM lies in the nodal region of e". However, upon rotation to the eclipsed geometry the overlap increase s by an order of magnitude, while still remaining considerably smaller than the 2e-e" overlap. The interaction between 1e and e" is a fourelectron repulsive one --the greater the interaction, the less stable the structure. This is then another factor contributing to the overall preference for the staggered conformation.
Our extended HUckel calculations give a barrier of 21 kcal/mole using a planar TMM ligand and carbonyl-iron-carbonyl angles of 90°. If we allow the TMM fragment to approach its experimental puckered geometry, the computed barrier rises slightly to 24 kcal/mole, both values being in reasonable agreement with experiment.
There are two seemingly different but in fact equivalent ways to think about this substantial barrier. First, as discussed above, the barrier arises from maximizing two-electron bonding (2e-e") and minimizing four-electron destabilizing (1e-e") interactions. Second, one could think of the TMM~ ligand as being in an unpopular charge distribution, .!2,. and through its
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three electron pairs completing an octahedron around the iron. The internal rotation problem, 17 ot 18, is transformed into the problern of a trigonal twist of an octahedron into a trigonal prism--:--That deformation is expected to cost a great deal of energy for most d 6 complexes; for instance, for a specific model compound (Cifa) 3 Fe(C0) 3 -we compute a barrier of 50 kcal/mole.
In fact it can be shown that both ways of analyzing the problern merge. The tilt of both the 1e and 2e sets and the matehing asymmetry of their organic ligand partners is all-important in setting the interaction pattern. Each point of view has its advantages. For instance, focusing on the balance of attractive and repulsive interactions with e" allows one to rationalize why the barriers fall in the series TMM-Fe ( ceptor. The octahedral viewpoint of the same arene complexes leads in a transparent way to tlw concept of two interpenetrating trios in the benzene ring, 25. The maximal perturbation of the tiny barrier in the parent complex may be achieved by seleCtlve substitution of donors, acceptors, or heteroatoms in separate trios. We believe that this particular rotational barrier, benzene-Cr(C0) 3 , is tunable over a 30-40 kcal/mole range by appropriate substitution tactics.
BINUCLEAR M 2 (C0) 6 (LIGAND) COMPLEXES
We have recently carried out a systematic molecular orbital study of the electronic structure of complexes containing the M 2 (C0) 6 binuclear transiticm metal fragment bonded to a variety of ligands, including acetylene, two carbonyls, C 4~ (ferroles), CeRa (flyover bridges), cyclobutadiene, dienes, azulene, cyclooctatetraene, hexatrienes, tetramethyleneethane, penta lene, and others (Ref. 17) . Many conformation questions arise a lang the way, a selection of which will be mentioned here.
It is evident that a reconstructional approach is natural for this large group of interesting compounds. The orbitals of the M 2 (C0) 6 moiety can be constructed in step-wise fashion by first bringing tagether two M(C0) 3 units in an eclipsed n 3 h geometry, ~· and then bending the +
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M(C0) 3 groups back to achieve the lower-symmetry C2v sawhorse geometry common in these fragments.
As an example of the conformational" problernthat we can treat, consider the hexatriene ligand, which can choose between conformations 28 and 29. We calculate minima for both, with a Cotton and coworkers (Ref. 19, 20) . The rotation process discussed does not occur on the NMR time scale. Incidentally, we have studied the barriers to carbonyl interchange in 29, a model for 31, and in (azulene)Mo 2 (C0) 6 and were able to predict correctly that the carbonyls at Fe 2 Tri ~ would interconvert easier than those at Fe 1 , and that those under the five-membered ring of the complexed azulene would interchange more readily than those at the metal atom under the seven-membered ring. watehing it fa 11 over to a ferrole or twist to a flyover bridge, motions of b 2 or a 2 respectively. The results are revealing with respect to the equilibrium geometries and the barrier necessary to achieve the symmetrical structure, which itself can serve as a transition state for isomerization.
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The above examples form a most brief sample of the variety of conformational problems that we have studied. A still greater set remains to be explored. The factors that determine molecular geometry in typical organametallic complexes are generally electronic. The equilibrium geometries are usually well-defined, that is substantial rotational barriers separate conformers. The understanding that is achieved of these conformational problems is a necessary prerequisite to a systematic analysis of the reactivity of organametallic and inorganic molecules.
